A B S T R A C T Using the standing droplet
A B S T R A C T Using the standing droplet technique in the renal proximal convolution and simultaneous microperfusion of the peritubular capillaries, the zero net flux transtubular concentration difference of taurocholate (ACTC-) at 45 s was determined as a measure of active bile acid reabsorption in vivo. Starting with 0.1 mmol/liter taurocholate in both perfusates the control ACTC-of 0.042 mmol/liter fell to 0.006 mmol/liter (P < 0.001) when the Na+ concentration in the perfusates was reduced to zero. Removal of bicarbonate from the perfusates to alter pH had no influence on ACTC--When glycocholate was added to the perfusates ACTC-was decreased, while probenecid increased ACTC--These observations were extended by studies performed with brush border membrane vesicles derived from renal cortex. The initial (20 s) uptake of0.01 mmol/ liter taurocholate in the presence of a Na4 > Nat gradient was stimulated twofold compared with its uptake in the absence of a Na+ gradient. Uptake of taurocholate was osmotically and temperature sensitive. Membranes preloaded with unlabeled glycocholate showed accelerated entry of labeled taurocholate (trans-stimulation) only in the presence of Na+. Replacement of Na+ in the media with K+, Li+, and choline+ decreased initial taurocholate uptake by 49, 53, and 62%, respectively. Stimulation of taurocholate transport by cation gradient diffusion potentials was INTRODUCTION Normal total bile acid levels in the peripheral circulation are <8 ,umol/liter, as the substances are effectively cleared from the portal blood by the liver.
However, in obstructive liver disease bile acid levels may climb to values >0.2 mmol/liter (1) . This implies that with obstructive liver disease the remaining excretory pathways for bile acids, e.g., the kidney, are relatively inefficient. Urinary excretion of bile acids is minimized because of tubular reabsorption and binding to serum components which prevents glomerular filtration (2) . The reabsorption was first detected in patients with hepatic disease when it was calculated that 24-h urinary excretion of bile acids was less than the amount filtered (3) . Subsequent studies in dogs characterized an active reabsorptive process for bile acids in the proximal tubule that is opposed by a tubular secretory flux (4, 5) .
Since these studies were conducted, techniques have been devised that directly examine absorption across the renal tubule in vivo (6) and brush border membrane vesicles isolated from renal cortex (7) . In the present studies it was possible to discriminate between taurocholate reabsorption and secretion by applying the standing droplet technique in vivo to evaluate local ion, Inc. 0021-9738/81/04/1141110 $1.00 transport rates in the presence and absence of sodium and probenecid in the perfusates. These studies were extended to observations with brush border vesicles which together suggest that the transport of taurocholate in the proximal tubule is the result of a secondary active, Na+-dependent reabsorptive process involving coupling of Na+ and taurocholate flux across the brush border membrane.
METHODS
Standing droplet method and simultaneous microperfusion of the peritubular capillaries. The standing droplet method and simultaneous microperfusion ofthe peritubular capillaries have been described in detail previously (6) . Briefly, 200-240 g male Wistar rats kept on Altromin standard diet were anesthetized with Inactin (Byk Gulden, Constance, West Germany), 120-150 mg/kg body wt intraperitoneally. Each animal was mounted on a 370C thermostated table, and the left kidney was exposed by flank incision and immobilized in a plastic cup. The kidney was decapsulated and the proximal convoluted tubule, as well as the peritubular blood capillaries, were punctured with 7-8-,.m o.d. sharpened glass micropipettes. After 45 s of capillary and tubular perfusion (1-3 pl/min and -50 nllmin, respectively) with a so-called equilibrium solution containing 0.1 mmol/liter [3H]taurocholate, the luminal perfusate was stopped, enclosed between oil columns and withdrawn 45 s later. To study the time dependence of the development of the transtubular concentration difference of taurocholate, samples were also withdrawn at 2.5, 5, and 10 s. The collection was repeated two to six times without interrupting the capillary perfusion. The samples were pooled to obtain sufficient volume (0.5-1.5 nl) for analysis. To avoid tubular heterogeneity (8) and the influence of perfusion time on the results in some series, the crossed pairs sampling technique (6) Brush border membrane vesicles. Brush border membrane vesicles were prepared from renal cortex of 180-220 g, male Wistar rats by a method previously used in our laboratory (7) . In essence, renal cortical slices were homogenized in a hypotonic medium. After the addition of CaCl2 (final concentration 10 mM) the brush border membranes were purified by differential centrifugation. Purity ofthe membranes was assessed by the measurement ofalkaline phosphatase (EC 3.1.3.1) and Na+ + K+ ATPase (EC 3.6.1.3) as described (7) . Protein was determined by the method of Lowry et al. (10) after precipitation with ice-cold 10% trichloroacetic acid (TCA) using bovine serum albumin as a standard. The enrichment in specific activity (final pellet per homogenate) of the luminal marker, alkaline phosphatase, was >12 times; whereas, enrichment of the basolateral marker, Na+ + K+ ATPase, was < 1.0. This purity of the membranes was similar to that reported (7) .
Uptake of radiolabeled compounds by isolated brush border membrane vesicles was measured by the rapid filtration technique (11) . The basic composition of the incubation medium was 100 mM mannitol and 20 mM Hepes/Tris (pH 7.4). Additions to the incubation media are given in the figure legends. Transport was initiated by adding 5-20 ,ul of membrane suspension to 25-100 ,ul of incubation medium kept in a water bath. All experiments were carried out at 370C with the exception of those presented in Fig. 4 which were also performed at 0°and 24°C. At the desired time interval a 20-,ul aliquot was removed from the incubation suspension and diluted in 1 ml of ice-cold stop solution. The stop solution contained 100 mM mannitol, 20 mM Hepes/Tris (pH 7.4), 25 mM MgSO4, 100 mM choline Cl, 0.1 mM taurocholate, and when D-glucose uptake was measured, 0.2 mM phlorizin. The stop solution containing the vesicles was immediately pipetted onto the middle of a filter (cellulose nitrate, 0.65 ,um pore size, Sartorius, Gottingen, West Germany) and kept under suction. The filter was then immediately washed with 5 ml of ice-cold stop solution. The radioactivity remaining on the filters was counted with standard liquid scintillation techniques. Rotiszint 33 (Roth, Karlsruhe, West Germany) was used as a scintillator which completely dissolved the radioactivity from the filters. All experiments were performed at least in duplicate with freshly prepared membranes and were repeated at least twice with different membrane preparations for a total of six or more determinations. Absolute solute uptake was expressed as picomole per milligram of protein. Analysis of the data for significant differences was according to the Student's t test (9 When the Na+ in the perfusates was replaced by choline+, the ACTC-fell to 0.006 mmol/liter. Thus, in a Na+-free environment the tubule was practically unable to lower the luminal concentration of taurocholate which suggests that Na+ is required for active taurocholate reabsorption. 1 Abbreviations utsed itn this pap)er: ACTC-, concentration difference; Na+, Nai,side; Na', Na-utside~~~~c Effect ofglycocholate and probenecid. As shown in Fig. 4 , agents that potentially influence the bile acid transport system were added to both perfusates. The addition of a second bile acid, glycocholate, at a concentration sixfold higher than taurocholate decreased the ACTC-by 31% (P < 0.001). In contrast, probenecid, added to the perfusates in a concentration of 1 mmol/ Liter, increased the ACTC-by 21% (P < 0.001). Thus, the structural analogue, glycocholate, inhibited taurocholate reabsorption; whereas, probenecid, an agent known to inhibit renal secretion of organic acids (14), further enhanced net taurocholate reabsorption.
Brush border membrane studies Sodium dependence. Inasmuch as the above in vivo studies suggested the coupling of Na+ and taurocholate transport by the proximal tubule, the effect of Na+ on taurocholate uptake by renal brush border membrane vesicles was first investigated. As shown in Fig. 5 , when vesicles were prepared in a Na+-free medium and incubated in a Na+-containing buffer, taurocholate showed a rapid initial uptake during the first 2 min. The initial uptake of taurocholate in the presence of the Na+utside> Na+side (Na4 > Na; ) gradient was stimulated more than two-fold compared with its uptake in the total absence of Na+, in the absence of a Na+ gradient across the membrane or when Na+ initially was present only inside the vesicles. The significant taurocholate was assayed at 37°C in the presence of 100 mM mannitol, 20 mM Hepes/Tris, and 100 mM NaCl. 0, 0/0 mmol/ liter: Membranes were loaded and uptake was assayed in the presence of 100 mM mannitol, 100 mM choline Cl, and 20 mM Hepes/Tris. A, 100/100 mmol/liter: Membranes were loaded and uptake was assayed in the presence of 100 mM mannitol, 20 mM Hepes/Tris and 100 mM NaCl. A, 0/100 mmol/liter: Membranes were loaded with 100 mM mannitol, 20 mM Hepes/Tris and 100 mM NaCl and uptake was assayed in the presence of 100 mM mannitol, 100 mM choline Cl and 20 mM Hepes/Tris. Each point represents the mean± SE for six determinations. *, for 100/0 is statistically significant from other values (P < 0.05). difference (P < 0.05) persisted up to 2 min of incubation.
Metabolism, binding, and diffusion. The next series of experiments were to discriminate membrane transport effects from those associated with metabolism or binding. Membrane vesicles first were incubated up to 60 min with radiolabeled taurocholate. When the vesicular radioactivity was extracted with methanol overnight and submitted to thin-layer chromatography using the solvent system isoamyl alcohol/propionic acid/n-propanol/H20 (60:60:40:30, by vol), >95% of the radioactivity had an RF value identical to that of taurocholate.
The 60 min uptake of 0.01 mM taurocholate was assayed in media of varying sucrose concentrations. A plot of uptake vs. 1/osmolarity was linear. An estimate of binding was made from extrapolation of the regression line to infinite osmolarity (1/osmolarity = 0) (15) . This analysis indicated that under standard conditions >70% of the taurocholate responded to alteration of the intravesicular space by changing osmolarity of the medium. It is assumed that only this part represents free taurocholate kept in the intravesicular space. The remaining taurocholate may be bound to the inner or outer membrane surface of the vesicles or transported into a compartment which is not available for further osmotic shrinkage (16) .
Facilitated diffusion of a solute should be preferentially affected by temperature changes. Fig. 6 shows the initial 20-s uptake of taurocholate in the presence of Na+ and K+ gradients at 00, 240, and 37°C. At 0°C no difference between uptake in the presence of a Na+ > Nat gradient and that in the presence of a K+ > Kt gradient was observed. However, at 240 and 37°C taurocholate uptake was stimulated greater than twofold by a Na+-gradient. At the same time the uptake of taurocholate in the presence of a K+ gradient increased only slightly.
Finally, an argument for the facilitated diffusion of bile acid is the trans-stimulation of Na+ > Nat gradient taurocholate uptake. As shown in Fig. 7 driving the taurocholate anion across the membrane. To test this possibility valinomycin-treated membranes were incubated in a KCl-containing medium. This condition is known to create an inside positive diffusion potential compared to the control without valinomycin, since valinomycin selectively increases the K+ permeability ofthe membrane (17, 18) . As shown in Fig. 8 , (19, 20) ; e. side diffusion potential inhibits Na+-'HOLATE cose transport. Consequently, as shown in Fig. 9 , left panel, the valinomycin-induced K+ diffusion potential inhibited the Na+-dependent glucose transport. In contrast, as shown in Fig. 9 15 ,ug/mg pro-membrane vesicles (22) . Therefore, studies were pervalinomycin. n is formed to determine not only the effect of changes in IS.
pH on vesicle uptake but also the effect of a proton gradient. As shown in Table I , initial uptake values of cation gradient taurocholate (0.33 and 1 min) at pH 7.5 (pH0 7.5/pHi 7.5) the addition of were similar to values obtained at pH 6 (pHo 6/pHi 6).
ake of taurocho-Moreover, the imposition of a pH gradient across the lient.
vesicle membrane (pHo 6/pH, 7.5) resulted in no en-)cholate cotrans-hancement of taurocholate uptake either in the prestential, is eluci-ence (N4 100/Nat 0) or absence (Na+ 100/Nat 100) ofa 'ig. 9. An inside Na+ gradient. However, at 60 min (equilibrium) tauroated across the cholate uptake was higher under conditions of lowest g vesicles with pH on both sides ofthe vesicle membrane (pHo 6/pHi 6) a K+ medium as which may represent greater partitioning of bile acid periments were into the vesicle membrane (21) . e of a Na+ gradiSubstrate specificity. To determine the substrate on medium con-specificity of the carrier-mediated taurocholate transto be influenced port process, we tested the effect of unlabeled bile .g., a positive in-acids and probenecid on the transport of 10 uM [3H]
-dependent glu-taurocholate and 60 ,uM [i4CC]D-glucose under Na+0 * Brush border membrane vesicles were loaded with 100 mM mannitol, either 100 mM choline Cl (Nat = 0) or 100 mM NaCl (Nat = 100) and 20 mM Hepes/Tris either pH 7.5 or 6.0. Vesicles were incubated at 37°C with 100 mM mannitol, 100 mM NaCl (Na4 = 100), 10 > Nat gradient and N4 = Nat pre-equilibrated conditions. In these experiments the substance in question was offered with the radiolabeled substrates to the vesicle from the outside (cis side). As shown in Fig. 10 , 1 mM taurocholate, glycocholate, and cholate inhibited the Na+ gradient stimulated transport of taurocholate and, to a lesser extent, D-glucose. In addition, the bile acids inhibited taurocholate, but not D-glucose, under Na+ pre-equilibrated conditions. Finally, probenecid showed no effect on the initial, essentially unidirectional, uptake of taurocholate and D-glucose under Na+ gradient and Na+ pre-equilibrated conditions. From these observations it appears that bile acids may inhibit the Na+ gradient-dependent bile acid transport via two mechanisms: (a) competition for the same bile acid carrier in the presence of Na+ (no Na+ gradient necessary) and (b) faster dissipation of the Na+ gradient required for the rapid uptake of organic solutes such as glucose (23, 24) . Saturability of uptake. The uptake of taurocholate with respect to increasing monomer concentrations of bile acid in the incubation medium was saturable in the presence of a Na+ > Nat gradient (Fig. 11, upper curve). Under Na4 = Nat pre-equilibrated conditions (Fig. 11, middle curve) , the velocity of uptake and degree of saturation was less than under conditions of a Na+ gradient. In the total absence of Na+ the rate of taurocholate uptake was essentially linear (r = 0.99) throughout the bile acid concentration range of 0.01 to 1.0 mM (Fig. 11, lower line) . When it was assumed that the carrier-mediated, Na+ gradient-dependent taurocholate transport represented the difference between uptake in the presence of the Na+ gradient and in the total absence of sodium, apparent values Of Vmax (2,600 FIGURE 11 Relationship between taurocholate concentration and the Na+ gradient, Na+ pre-equilibrated, and Na+ independent rates for vesicle uptake of the bile acid. 0, 100/0: Membranes were loaded with 100 mM mannitol, 20 mM Hepes/Tris (pH 7.4), 100 mM choline Cl and incubated at 37°C for 20 s in medium containing 100 mM mannitol, 20 mM Hepes/Tris, 100 mM NaCl, and [3H]taurocholate at the indicated concentrations. 0, 100/100: Membranes were loaded and uptake was assayed in the presence of 100 mM mannitol, 20 mM Hepes/Tris, and 100 mM NaCl. A, 0/0: Membranes were loaded and uptake was assayed in the presence of 100 mM mannitol, 20 were derived from data in Fig. 11 based on the Lineweaver Burk plot.
DISCUSSION
These studies in vivo and in brush border membrane vesicles directly examine for the first time bile acid transport across the proximal renal tubule. Our measurements of zero net flux ACTC-indicated that the reabsorption of taurocholate in the proximal convolution occurs against a concentration gradient and that this active transport is sodium-dependent. Furthermore, the reabsorption of taurocholate was unaffected by changes in HCO-concentration, but was inhibited by the structural analogue, glycocholate, and enhanced by probenecid. These findings confirm earlier speculation that bile acids share a common reabsorptive pathway (4, 25) . Although the enhancement of taurocholate reabsorption by probenecid suggests that bile acids undergo tubular secretion via the pathway for organic acids (4, 14) , the mechanism of enhanced taurocholate reabsorption by probenecid remains to be fully clarified. Measurement ofunidirectional fluxes oftaurocholate in vivo (data not shown) could not discriminate whether probenecid augmented the reabsorptive or inhibited a secretory component.
The in vivo observations were extended by our studies performed with renal membrane vesicles which showed that sodium dependence and mutual inhibition by other bile acids is located in the brush border membrane. These studies indicated that the stimulation of taurocholate flux by sodium is the consequence of a Na+-taurocholate cotransport system rather than the result of indirect coupling phenomena such as diffusion potentials or pH effects. Our results also provided limited information on substrate specificity of the taurocholate-Na+ cotransport system as other bile acids cis-inhibited and trans-stimulated the system. Finally, these studies suggested that the enhancement of taurocholate transport by probenecid in vivo does not occur directly at the brush border site.
Several laboratories (24, (26) (27) (28) (29) have utilized brush border membrane vesicles isolated from the jejunum and ileum to characterize the intestinal bile acid transport system. Their findings support the existence of a transport system in the brush border membrane that reflects kinetics and characteristics ofbile acid transport in intact intestinal preparations (29) . Studies with ileal membrane vesicles also allow for comparisons to be made with the present studies. In both vesicles prepared from ileum and proximal tubule, bile acid uptake was Na+-specific. Uptake values obtained with Li+, K+, and choline+ were significantly less than those obtained with Na+. However, the rapid transport of bile acids across ileal membrane vesicles, resulting in a transient intravesicular accumulation or "overshoot", was not seen here with renal brush border vesicles. In data not presented, an overshoot for D-glucose was observed as described (30) with renal membrane vesicles similar to those used for taurocholate uptake. These observations suggest that the tubular brush border membrane has a lower capacity for active bile acid transport than the ileal brush border membrane. In this situation the Na+-coupled, taurocholate transport system may be slow with respect to the dissipation of the driving Na+ gradient, i.e., dissipation by substrate-independent diffusion of Na+ into the vesicles. The thermodynamic equilibrium between taurocholate and Na+ is reached at a time when the Na+ electrochemical potential difference already approaches zero. Thus, no overshoot is expected (31) .
Data obtained from ileal vesicles conflict as to whether Na+-dependent bile acid transport is an electroneutral (28) or electrogenic process (27, 29) . The present studies with valinomycin indicate an electroneutral transport of Na+-taurocholate in renal brush border vesicles. This implies that the chemical potential difference of Na+, as well as for taurocholate, is the driving force for taurocholate transport across the renal brush border membrane.
In both ileal and renal brush border vesicles competition has been shown between Na+-dependent bile acid and D-glucose uptake. This inhibitory interaction between bile acid and D-glucose is probably due to faster dissipation of the Na+ gradient that is required for the rapid uptake of these organic solutes (24) . Previous investigators have demonstrated that uptake of D-glucose by brush border membrane vesicles is mediated via a cotransport system that transports both D-glucose and Na+ from the extravesicular medium to the intravesicular space (19) . Furthermore, the cotransport of one organic solute with Na+ into the vesicles results in accelerated dissipation ofthe transmembrane electrochemical gradient for Na+ and thereby inhibits membrane potential-sensitive, Na+ coupled uptake of the organic solutes (23) . As Na+-dependent taurocholate uptake is a slow process and electroneutral, it is unlikely that this mechanism contributes significantly to the faster breakdown of the Na+ electrochemical difference across the membrane. The inhibitory effect of taurocholate under Na+ gradient conditions may be explained by increasing membrane permeability to Na+. This is supported by the lack of taurocholate inhibition on D-glucose uptake under Na+ pre-equilibrated conditions (Fig. 10) .
In the presence of Na+, uptake in both ileal and renal membrane vesicles was saturable with respect to increasing substrate concentration and inhibited by other bile acids. Of particular interest in the present studies was the saturable uptake of taurocholate under Na+ pre-equilibrated conditions at rates greater than under conditions ofno Na+, where no saturation ofuptake was observed. The result is best explained by a facilitated diffusion mechanism working only or at least preferentially with Na+ present. Evidence for direct coupling of taurocholate and Na+ fluxes at distinct membrane sites is the saturability of taurocholate only in the presence of Na+. Previous studies have detailed the interaction between bile acid and the recognition site for transport in the ileum (32, 33) . Determinants of this interaction included the steroid moiety of the bile acid molecule, a coulombic attraction between the anionic charge of the bile acid and a cationic site on the transport system and the presence of Na+ in the medium bathing the mucosal surface of the ileal tissue and a closely positioned anionic site on the transport system. These three factors appear to determine cooperatively bile acid transport.
One final point merits emphasis. Recent studies with organic acids suggest that the energy for the active transport is supplied by a proton gradient across renal brush border membrane vesicles (22) . The present studies suggest that such a pH gradient is not an energy source for taurocholate accumulation in the proximal convolution. Furthermore, our studies agree with earlier studies which showed that changes in urinary pH did not have a profound effect on renal clearance of taurocholate in dogs (4). Instead, it appears from the present studies that the transport across the renal brush border membrane and the intracellular accumulation is mediated by the Na+-taurocholate cotransport. It may be envisaged further that exit from the contraluminal (basolateral membrane) side of the cell proceeds via a Na+-independent system driven by the chemical gradient for taurocholate and the electrical potential difference, inside negative. The electrochemical potential difference for Na+ across the luminal membrane is maintained by the action of the Na+ + K+-stimulated ATPase located in the basolateral membrane. Thus, taurocholate transport may be defined as a secondary active transport.
